Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease that affects nerve cells in the brain and the spinal cord. In a recent study by Steinberg and colleagues, 2 recessive missense mutations were identified in the Ca v 3.2 T-type calcium channel gene (CACNA1H), in a family with an affected proband (early onset, long duration ALS) and 2 unaffected parents. We have introduced and functionally characterized these mutations using transiently expressed human Ca v 3.2 channels in tsA-201 cells. Both of these mutations produced mild but significant changes on T-type channel activity that are consistent with a loss of channel function. Computer modeling in thalamic reticular neurons suggested that these mutations result in decreased neuronal excitability of thalamic structures. Taken together, these findings implicate CACNA1H as a susceptibility gene in amyotrophic lateral sclerosis.
Introduction
Amyotrophy lateral sclerosis (ALS) is a progressive neurodegenerative disease affecting motor nerve cells in the brain and in the spinal cord. 1 About 10% of ALS is classified as inherited, whereas the remaining 90% of cases appear to occur randomly throughout the population and are considered to be sporadic in nature. 2 Thanks to recent advances in sequencing and genotyping technologies, a number of genes underlying familial ALS have been identified and now are associated with about 2-thirds of inherited cases. 3 In contrast, the cause of sporadic ALS is not well understood, but may be due to a combination of environmental and genetic risk factors. 4 De novo mutations of FUS, 5,6 SOD1, 7 ERBB4 8 and ATXN2 9 have been described in sporadic ALS cases. In addition, one form of inheritance that can be misinterpreted as an apparent sporadic form of ALS can arise from homozygous or compound heterozygous recessive variants. In a recent whole exome sequence analysis of case-unaffected-parents trios, 10 2 compound heterozygous recessive missense mutations in CACNA1H were identified in a 39-year-old man diagnosed with a early onset (aged 27 years), longduration variant of ALS. He presented with a slowly progressive upper motor neuron hypertonia and lower motor neuron weakness involving all limbs, as well as dysarthria. Lower motor neuron signs were more prominent in the upper limbs. Widespread acute and chronic denervation was shown on electromyography. A genetic test for Kennedy's disease was negative. There was no history of any neuromuscular disorder, early deaths, or epilepsy in his siblings, parents, grandparents, or aunts and uncles. The c.1215267G>A and c.1215315G>A mutations in CACNA1H caused the substitution of a valine to a methionine (p.V1689M) and of an alanine to a threonine (p.A1705T) in the voltage-gated Ca v 3.2 T-type calcium channel.
T-type channels are low-voltage-gated calcium channels and are perfectly suited to operate near the resting electrical membrane potential of nerve cells. They support a "window current" providing an incentive for Ca 2C entry, 11 and contributing to the resting membrane potential of neurons. 12 Additionally, T-type channels play an essential role in regulating neuronal excitability. Their hyperpolarization-induced recovery from inactivation supports rebound burst of action potentials that contribute to various form of neuronal rhythmogenesis. [13] [14] [15] [16] Their implication in neuronal excitability is further supported by their ability to associate with, and regulate the activity of, calcium-activated and voltagegated potassium channels, which in turn shape firing properties of nerve cells. [17] [18] [19] [20] Finally, T-type channels also support a low-threshold form of exocytosis by virtue of their biochemical coupling with vesicular release machinery. 21, 22 All of these aspects are particularly important to the functioning of the thalamocortical network, a brain structure implicated in motor-related activities. [23] [24] [25] [26] In the present study, we analyzed the functional expression of the 2 ALS-associated missense mutations in Ca v 3.2 channels. We show that both mutations produce significant alterations on the channel activity, consistent with a loss of channel function. Computational modeling of the firing properties of thalamic reticular neurons expressing Ca v 3.2 channel variants revealed a decreased neuronal excitability. Taken together, our findings implicate for the first time CACNA1H as a susceptibility gene in one form of ALS.
Results

Expression of Ca v 3.2 channel variants
The transmembrane topology of the Ca v 3.2 poreforming subunit of T-type channels consists of 4 homologous domains (I to IV), each of them containing 6 putative transmembrane helices (S1 to S6), plus a re-entrant loop (P-loop) that forms the pore of the channel. The two ALS-associated missense mutations, V1689M and A1705T, identified in a case-unaffectedparents trio (Fig. 1A ), are both located in the fourth membrane domain of the channel, in the segment S3 and in the short extracellular linker connecting segments S3 and S4, respectively ( Fig. 1B) . These mutations affect residues that are highly conserved among T-type channel paralogs and orthologs ( Fig. 1C-D ), suggesting an important role for these residues in channel function. The two ALS mutations were introduced independently in the human Ca v 3.2 channel (hCa v 3.2) and expressed in tsA-201 cells, and expression of the channel variants was confirmed by western blot analysis ( Fig. 2A) . To assess the functional expression of the Ca v 3.2 mutations, we performed patch-clamp recordings on tsA-201 cells expressing the channel variants. Representative current traces in response to 150 ms depolarizing steps to values ranging between ¡90 mV and C30 mV, from a holding potential of ¡100 mV, are shown in Figure 2B for wild-type (WT) hCa v 3.2 channels, and V1689M and A1705T variants. T-type currents recorded from cells expressing the V1689M variant were found to be significantly reduced compared to cells expressing the WT channel ( Fig. 2C and Table 1 ). For instance, in response to a depolarizing pulse to ¡30 mV, the mean peak current density was decreased by 30% (p D 0.0002) in cells expressing the V1689M variant (¡35.5 § 2.2 pA/pF, n D 36) compared to cells expressing the WT channel (¡51.0 § 3.2 pA/pF, n D 36). The maximal conductance was reduced by 27% (p D 0.0004) in hCa v 3.2 V1689M -expressing cells (731 § 39 pS/pF, n D 36) compared to cells expressing the WT channel (996 § 59 pS/pF, n D 36) ( Fig. 2D ). In contrast, the maximal T-type conductance measured in cells expressing the A1705T channel variant was unaltered (976 § 62 pS/pF, n D 38) compared to cells expressing the WT channel. To determine whether the impaired T-type current in cells expressing the V1689M variant was caused by an alteration of the channel activity or due to reduced expression at the plasma membrane, we performed surface immunostaining on tsA-201 cells expressing exofacial hemagglutinin (HA)-tagged hCa v 3.2 (HA-hCa v 3.2) variants. The expression of HA-hCa v 3.2 was quantified from low-magnification confocal images obtained from non-permeabilized and permeabilized cells to assess surface and total expression of the channel, respectively ( Fig. 2E ). The surface and total expression levels were similar between the Ca v 3.2 channel variants, supporting the notion that the V1689M mutation may alter the functioning of the Ca v 3.2 channel.
The V1689M mutation alters activation of hCa v 3.2 channels
To further assess the impact of ALS-associated CAC-NA1H mutations on hCa v 3.2 channel activity, we analyzed the activation properties of hCa v 3.2 channel variants. The voltage-dependence of the T-type current activation was determined in cells expressing the WT hCa v 3.2 channel and in cells expressing the ALS channel variants (Fig. 3A-B and Table 1 ). The mean half activation potential was shifted toward more positive potentials by C3.0 mV (p<0.0001) in cells expressing the V1689M variant (¡42.0 § 0.5 mV; n D 36) compared to cells expressing the WT channel (¡45.0 § 0.4 mV; nD36). In contrast, the mean half activation potential of the T-type current measured in cells expressing the A1705T variant remained unaltered (¡46.1 § 0.4 mV, n D 38). The activation kinetics of the hCa v 3.2 channel variants were analyzed by fitting the developing phase of the T-type current with a single exponential function. We found that the Ttype current activation was accelerated in cells expressing the hCa v 3.2 channel mutants ( Fig. 3C and Table 1 ). For instance, in response to a depolarizing step to ¡40 mV, the time constant of activation of the T-type current recorded from cells expressing the channel mutants was on average 1.2-fold faster (p D 0.0112) in V1689M-expressing cells (3.9 § 0.1 ms; n D 35) and 1.3-fold faster (p D 0.0002) in A1705Texpressing cells (3.6 § 0.1 ms; n D 34) than in cells expressing the WT channel (4.6 § 0.2 ms; n D 36). However, this effect remained marginal, and appeared to be only significant at the lowest voltages tested. Altogether, these data indicate a loss of function of hCa v 3.2 channels carrying the V1689M evidenced by decreased voltage sensitivity, indicating that stronger depolarizations are required to open the channel.
The A1705T mutation alters inactivation of hCa v 3.2 channels
We further investigated the impact of the 2 ALS mutations on the inactivation properties of hCa v 3.2 channels. The steady state inactivation of hCa v 3.2 variants was analyzed. The mean normalized voltage-dependence of steady-state inactivation is shown in Figure 4A for WT and ALS hCa v 3.2 channel variants. The mean halfsteady state inactivation potential was shifted toward more negative potentials by ¡2.1 mV (p D 0.0003) in cells expressing the A1705T variant (¡77.1 § 0.4 mV; n D 23) compared to cells expressing the WT channel (¡75.0 § 0.5 mV; nD23) ( Fig. 4B and Table 1 ). In contrast, the mean half-steady-state inactivation potential of the V1689M channel variant remained unaltered (¡74.9
§ 0.6 mV; n D 19). The inactivation kinetics of the hCa v 3.2 channel variants were analyzed by fitting the decay phase of the T-type current with a single exponential function. There was no significant difference in the inactivation time constant between the WT hCa v 3.2 and the ALS channel variants ( Fig. 4C and Table 1 ). Finally, the ALS-associated hCa v 3.2 mutations had no significant effect on the recovery from shortterm inactivation ( Fig. 4D and Table 1 ). Collectively, these results indicate that A1705T specifically produces a negative shift of the voltage-dependence of steady state inactivation of hCa v 3.2 channels, which ultimately results in decreased channel availability at typical neuronal resting membrane potentials. 
¡45.0 §0. 5 The ALS-associated CACNA1H mutations decrease firing of thalamic reticular neurons T-type channels are highly expressed in the thalamus, especially in reticular thalamic neurons (nRT), 27 where they play an essential role in regulating neuronal excitability. To evaluate the impact of ALS-associated CAC-NA1H mutations on neuronal excitability, we used electrophysiological parameters of Ca v 3.2 channel variants obtained experimentally, and computational modeling, to simulate the firing of nRT neurons. Since the Ca v 3.2 channel variants showed significant differences in the steady-state activation, steady state inactivation, and conductance properties, these parameters were introduced into the model. In addition, and because the 2 mutations are found on different alleles, the total Ttype current was modeled by the average of the V1689M and A1705T currents to mimic the co-expression of the 2 channel variants in the ALS proband. Consistent with a loss of channel function, computational simulation revealed a decreased firing of nRT neurons co-expressing the V1689M and A1705T channel variants compared to neurons expressing the wild-type channel (Fig. 5 ). The decreased cellular excitability is evidenced by progressive spike latency and decreased number of spikes in heterozygous V1689M/A1705T neurons ( Fig. 5 , brown trace) compared to homozygous WT neurons ( Fig. 5 , black trace and superimposed gray traces).
In contrast, and consistent with the absence of neurological symptoms in heterozygous unaffected parents carrying only one of the channel variants, the firing properties of heterozygous V1689M/WT and A1705T/ WT nRT neurons were mildly altered. For instance, only a firing latency without spike reduction was observed in V1689M/WT neurons ( Fig. 5, red trace) , whereas the firing of A1705T/WT neurons ( Fig. 5 , blue trace) was virtually identical to the firing of homozygous WT neurons. Given the importance of thalamocortical network activity in the control of motor-related functions, alteration of reticular thalamic neuron firing caused by ALS-associated Ca v 3.2 channel variants represents an important mechanism that could account for the development of the disease. In addition, it provides a functional explanation for the absence of neurological symptoms in case-unaffected-heterozygous-parents carrying only one mutation compared to the proband carrying the 2 channel variants.
Discussion
Although 90% of ALS cases are considered to be sporadic because of their random appearance in the population, one form of inheritance that can be misinterpreted as a non-genetic form of ALS can arise from recessive variants. In the present study, we have analyzed the functional impact of 2 recessive mutations in CAC-NA1H, identified in a case-unaffected-parents trio, on the functioning of Ca v 3.2 channels. The two mutations, when expressed in tsA-201 cells, caused mild but significant changes to Ca v 3.2 activity. Consistent with a loss of channel function, computational modeling revealed decreased firing of thalamic neurons that expressed ALS-associated Ca v 3.2 channel variants.
The V1689M and A1705T Ca v 3.2 mutations were located in the domain IV of the channel, in the third transmembrane segment (S3) and in the short extracellular linker connecting the third and fourth transmembrane segments (S3-S4), respectively. Consistent with the notion that these mutations affect residues that are important for the functioning of the channel, patch clamp recordings in cells expressing the ALS-associated Ca v 3.2 variants revealed a depolarizing shift of the voltage dependence of steady-state of activation caused by the V1689M mutation, and a hyperpolarizing shift of the voltage dependence of the steady state inactivation induced by the A1705T mutation. Interestingly, the A1705T mutation was previously reported in a patient with myoclonic-astatic epilepsy and febrile seizures, and initial biophysical analysis revealed a mild but significantly faster recovery from short-term inactivation when the mutation was introduced into the short Ca v 3.2 channel isoform (i.e., which does not contain the exon 25 located encoding for a short region of the cytoplasmic III-IV linker). 28 In our study we used the long Ca v 3.2 channel variant (i.e., containing the exon 25), which may account for the biophysical difference between the 2 studies. It is also important to note that the A1705T variant is relatively frequent in non-affected individuals. In contrast, the V1689M appears very rarely, suggesting that this particular variant may be highly associated with ALS.
Interestingly, while the 2 ALS-associated mutations produced distinct effects on the channel properties, they both translated into a loss of channel function. Consistent with the expression of Ca v 3.2 channels in thalamic brain structures, and their role in generating low-threshold calcium potentials and burst firing, computational modeling revealed decreased firing of nRT neurons expressing a combination of ALS-associated Ca v 3.2 channel variants. This notion is consistent with previous studies using advance brain imaging techniques that showed decreased activity in various brain regions, including the thalamus in ALS patients. [29] [30] [31] [32] [33] [34] Considering that a number of thalamic nuclei project their axons to motor cortical areas, 35 alteration of thalamic network activity caused by ALS-associated mutations may alter the electrical input received by motor neuronal structures, which may eventually cause an alteration of motor movement control. Alteration in T-type channel resulting in a loss of function can also alter the balance between excitatory and inhibitory neuronal networks. Finally, given the importance of T-type channels in modulating other ion channel conductances, 17 it is conceivable that the phenotypic expression of a particular variant may depend on its interaction with other ion channels, such as calcium-activated and voltage-gated potassium channels.
The notion that ALS-associated CACNA1H variants produce relatively mild changes on channel activity is in line with previous studies reporting discrete biophysical alterations of Ca v 3.2 channels that carry mutations associated with idiopathic generalized epilepsies 28, [36] [37] [38] [39] and chronic pain. 40 While these variants may not be sufficiently pathogenic to cause the disease on their own, in combination with other variants or environmental factors they could increase disease susceptibility. This may also explain the absence of neurological phenotype in the parents of the individual, who each carry only one of the CACNA1H variants which according to our simulation experiment is not sufficient to significantly alter neuronal excitability. Of note, and consistent with the relatively mild alterations cause by CACNA1H mutations, the patient reported here showed the first signs of weakness when he was at the relatively young age of 27 y old, and the disease progressed only slowly, both features unusual in classic ALS.
In conclusion, we reported the first functional characterization of Ca v 3.2 channel mutations associated with ALS, establishing for the first time CACNA1H as a susceptibility gene in ALS. Our electrophysiological study and computational modeling are consistent with decreased channel activity and neuronal excitability in brain structures important for controlling motor-related functions. These mutations and their functional changes may act synergistically with other factors, all of which could contribute to susceptibility to ALS.
Material and methods
Plasmids cDNA constructs and site-directed mutagenesis
The human wild-type (WT) HA-tagged Ca v 3.2 (HA-hCa v 3.2 WT ) in pcDNA3.1 was used as a template for insertion of V1689M and A1705T missense mutations. Site-directed mutagenesis using overlapping extension PCR method was performed using the following external primers: 5 0 -GGATCCCAAGCTTGG-TACCG-3 0 (forward) and 5 0 -CTTCATGGCCCTCTA GAGGATCC-3 0 (reverse); and the following mutagenic internal primers: V1689M: 5 0 -GGCCATCATG CTGCTGTCACTCATGGGCATC-3 0 (forward) and 5 0 -CAGCAGCATGATGGCCAGGTCCAGCTGGTT C -3 0 (reverse); A1705T: 5 0 -GATGAGCACCGCGCT GCCCATCAACC -3 0 (forward) and 5 0 -CAGCGCG GTGCTCATCTCTATCTCCTCCAGCG-3 0 (reverse). Mutated PCR products were inserted into HindIII/ XbaI sites of pcDNA3.1-HA-hCa v 3.2 vector to generate the respective mutated hCa v 3.2 V1689M and hCav 3.2 A1705M channel constructs. All final constructs were verified by sequencing of the full-lengh cDNAs.
Cell culture and heterologous expression
Human embryonic kidney tsA-201 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum and 1% penicillin/ streptomycin (Invitrogen), and maintained under standard conditions at 37 C in a humidified atmosphere containing 5 % CO 2 . Cells were transfected with plasmid cDNAs encoding Ca v 3.2 channel variants using the calcium phosphate method.
Patch-clamp electrophysiology
Patch-clamp recordings were performed 72 h after transfection in the whole-cell configuration of the patch-clamp technique at room temperature (22-24 C) in a bath solution containing (in millimolar): 5 BaCl 2 , 5KCl, 1 MgCl 2 , 128 NaCl, 10 TEA-Cl, 10 D-glucose, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH7.2 with NaOH). Patch pipettes had a resistance of 2-4 MV when filled with a solution containing (in millimolar): 110 CsCl, 3 Mg-ATP, 0.5 Na-GTP, 2.5 MgCl 2 , 5 Dglucose, 10 EGTA, and 10 HEPES (pH7.4 with CsOH). Whole-cell patch-clamp recordings were performed using an Axopatch 200B amplifier (Axon Instruments). Acquisition and analysis were performed using pClamp 10 and Clampfit 10 software, respectively (Axon Instruments).
Ba 2C currents were recorded in response to 150 mslong depolarizing to various potentials applied every 5 s from a holding potential of ¡100 mV. The linear leak component of the current was corrected online and current traces were digitized at 10 kHz, and filtered at 2 kHz. The voltage dependence of the peak Ba 2C current density was fitted with the following modified Boltzmann equation:
with I(V) being the peak current amplitude at the command potential V, G max the maximum cond uctance, V rev the reversal potential, V 0.5 the halfactivation potential, and k the slope factor. The voltage dependence of the whole-cell Ba 2C conductance was calculated using the following modified Boltzmann equation:
with G(V) being the Ba 2C conductance at the command potential V.
The steady-state voltage-dependence of inactivation of the Ba 2C current was determined by measuring the peak current amplitude in response to a 150 ms-long depolarizing step to ¡20 mV applied after a 5 s-long conditioning prepulse ranging from ¡105 mV to ¡50 mV. The current amplitude obtained during each test pulse was normalized to the maximum at ¡105 mV and plotted as a function of the prepulse potential. The voltage-dependence of the steady state inactivation was fitted with the following 2-state Boltzmann function:
with I max corresponding to the maximal peak current amplitude and V 0.5 to the half-inactivation voltage.
The recovery from inactivation was studied using a double-pulse protocol from a holding potential of ¡10 0 mV to ensure complete inactivation of Ca v 3.2 channels. The cell membrane was depolarized for 2 s to ¡20 mV (prepulse) to ensure complete channel inactivation and then to ¡20 mV from 150 ms (test pulse) after an increasing time period (interpulse interval) between 0.5 ms and 8 s. The peak current from the test pulse was plotted as a ratio of the maximum prepulse current versus interpulse interval. The data were fitted with a single-exponential function:
where A is the amplitude of the exponential component and t the time constant.
SDS-PAGE and immunoblot analysis
Total lysates of tsA-201 cells expression HA-tagged Ca v 3.2 variants were separated on 5-20% gradient SDS-PAGE and transferred onto PVDF membrane (Millipore). For detection of the HA-hCa v 3.2 channel, the membrane was incubated with a primary rat monoclonal anti-HA antibody (Roche) diluted at 1:1000 for one hour at room temperature, washed in PBS / Tween-20 buffer, and incubated with a secondary HRP-conjugated antibody (Jackson ImmunoResearch) diluted at 1:10,000. Immunoreactive bands were detected by enhanced chemiluminescence.
Surface immunostaining
Twenty-four hours before the experiment, cells expressing HA-hCa v 3.2 channels were seeded on poly-L-lysine-coated glass coverslips. Cells were incubated for 30 min at 37 C with a primary monoclonal mouse anti-HA antibody (Abcam) diluted in DMEM at 1:1000, washed with PBS, fixed for 7 min in 4 % paraformaldehyde, and blocked for 45 min in blocking buffer (5 % FBS in PBS). Cells were then incubated for 1 h at room temperature with a secondary goat polyclonal anti-mouse Alexa488-conjugated antibody (Jackson ImmunoResearch) diluted in blocking buffer at 1:1000, washed, and mounted on microscope glass slides with ProLong Gold mounting medium (Life Technologies). Confocal images were acquired at low magnification with a Zeiss LSM780 microscope and the field fluorescence intensity was analyzed using ImageJ software. In order to visualize intracellular channels, cells were permeabilized with 0.2 % Triton X-100 for 10 min before incubation with the secondary antibody.
Computational modeling
Simulation of thalamic reticular neuron (nRT) firing was performed using the NEURON simulation environment (https://senselab.med.yale.edu/modeldb). 41 The electrophysiological properties of the wild-type (WT), V1689M, and A1705T Ca v 3.2 channel variants were modeled using Hodgkin-Huxley equations as previously described 42 and introduced into a nRT neuron model. 43 Only the steady-state activation and inactivation properties were changed. For the simulation of the V1689M variant, the maximal conductance was multiplied by 0.73 to take into account the additional decreased conductance of this variant. Simulation of heterozygous conditions was performed by defining the total T-type current as the average of the 2 channel variants or the average of one channel variant and one WT channel.
Statistical analysis
Data values are presented as mean § SEM for n experiments. Statistical significance was determined using Student's unpaired t test: Ã p < 0.05, ÃÃ p < 0.01, ÃÃÃ p < 0.001, and NS: statistically not different.
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